We show the negative link between genome size and metabolic intensity in tetrapods, using the heart index (relative heart mass) as a unified indicator of metabolic intensity in poikilothermal and homeothermal animals. We found two separate regression lines of heart index on genome size for reptiles-birds and amphibians-mammals (the slope of regression is steeper in reptiles-birds). We also show a negative correlation between GC content and nucleosome formation potential in vertebrate DNA, and, consistent with this relationship, a positive correlation between genome GC content and nuclear size (independent of genome size). It is known that there are two separate regression lines of genome GC content on genome size for reptiles-birds and amphibians-mammals: reptiles-birds have the relatively higher GC content (for their genome sizes) compared to amphibians-mammals. Our results suggest uniting all these data into one concept. The slope of negative regression between GC content and nucleosome formation potential is steeper in exons than in non-coding DNA (where nucleosome formation potential is generally higher), which indicates a special role of non-coding DNA for orderly chromatin organization. The chromatin condensation and nuclear size are supposed to be key parameters that accommodate the effects of both genome size and GC content and connect them with metabolic intensity. Our data suggest that the reptilian-birds clade evolved special relationships among these parameters, whereas mammals preserved the amphibian-like relationships. Surprisingly, mammals, although acquiring a more complex general organization, seem to retain certain genome-related properties that are similar to amphibians. At the same time, the slope of regression between nucleosome formation potential and GC content is steeper in poikilothermal than in homeothermal genomes, which suggests that mammals and birds acquired certain common features of genomic organization.
INTRODUCTION
The role of non-coding DNA, which constitutes the greater part of the eukaryotic genome (e.g. above 98% in the human genome; IHGSC 2001; Venter et al. 2001) remains unclear. The larger genome is associated with a number of phenotypic traits, the most prominent of which are the larger nuclear and cell sizes, longer cell cycle and development and lower metabolic rate (reviewed by Bennett 1998; Petrov 2001; Vinogradov 2004a) . The latter trait is of special interest because it might have a clear adaptive significance: the more economical physiology should allow a species to occupy a niche with a low energy supply (Szarski 1983; Vinogradov 1998a Vinogradov , 2005a . However, the link between metabolic rate and genome size was demonstrated only in amniotes (in reptiles, on a limited dataset; Vinogradov 1995 Vinogradov , 1997 Gregory 2002; Waltari & Edwards 2002; Olmo 2003; Vinogradov & Anatskaya 2004) . The studies of anamniotes were inconclusive, notwithstanding a much broader range of genome sizes (Licht & Lowcock 1991; Waltari & Edwards 2002; Gregory 2003) . The obvious problem with the demonstration of a possible link between genome size and metabolic rate in poikilotherms is a strong dependence of the latter parameter on temperature and the adaptation of different species to different temperatures. Thus, it was shown in the example of cell cycle duration that a careful choice of compromise temperature can dramatically increase the strength of its correlation with genome size in closely related species ( Vinogradov 1999) . However, it is hardly possible to find such a temperature for a diverse dataset of unrelated species. Here, we circumvent this problem and show the link between genome size and heart index as a unified indicator of metabolic rate in poikilothermal and homeothermal vertebrates.
The heart index, or relative heart mass (ratio of heart mass to body mass), is an indicator of intensity of metabolism and is more general than the basal metabolic rate (measured by oxygen consumption) that was studied in relation to genome size in the previous works. The data obtained on amphibians, reptiles, birds and mammals demonstrated that relative heart mass reflects the basal and maximal metabolic rates, cardiac performance, the ability to undertake extended submaximal exercise without oxygen debt and the daily energy expenditure (Clark 1927; Garland 1984; Walsberg et al. 1986; Daan et al. 1990; Weibel et al. 1991; Bishop & Butler 1995; Bishop 1997; Hammond & Diamond 1997; Meerlo et al. 1997; Hoppeler & Weibel 1998; Machida & Aohagi 2001) . The comparison between homeotherms and poikilotherms, as well as between birds and mammals, confirms that heart index may be applied as a uniform indicator of metabolic activity for animals belonging to different taxonomic groups (Poupa & Lindströ m 1983; Else & Hulbert 1985; Bishop 1999; Ostadal et al. 1999) . Moreover, it was demonstrated that relative heart mass is a better predictor for animal metabolic activity than other physiological features, such as body mass, pulse rate, haematocrit, haemoglobin concentration, metabolic enzyme activity and blood volume ( Jurgens et al. 1981; Else & Hulbert 1983; Walsberg et al. 1986; Meerlo et al. 1997; Hammond et al. 2001) . Being a fundamental parameter of organismal design, the heart index shows what part of resources is allocated for oxidative metabolism (and general metabolite turnover at the organismal level) and thus allows the comparison of species in which metabolism proceeds at different temperatures. Although heart design is more advanced in the more complex (higher) vertebrates (as well as the metabolic rate is higher in homeotherms), so is the design of other organs. Therefore, the fraction of overall organismal resources allocated for a specific function can be compared across disparate organisms on the ground of relative mass of the organ responsible for this function.
MATERIAL AND METHODS
The heart masses and body masses were measured in the present work or taken from the literature (and provided in Supplementary table 1, see electronic supplementary material). Only wild species were used, because it is known that physiology-related measurements (including relative heart mass) obtained on domesticated animals may not accurately reflect the normal physiological state in the wild (e.g. Clark 1927; Morris & Froelicher 1991; Constable et al. 1998) . The heart index (relative heart mass) was estimated as the ratio of heart mass to body mass (expressed as percentage). The data on genome sizes were taken from the Animal Genome Size Database (http://www.genomesize. com/); the data by different of authors for the same species were averaged.
The nucleosome formation potential was determined using the method by Levitsky and co-workers, which was developed and verified on the basis of large experimental datasets of nucleosome positioning sequences (Levitsky et al. 2001a; Levitsky 2004 ). The genomic contigs, which present the results of high throughput sequencing projects, were downloaded from the genomic section of GenBank (http:// www.ncbi.nih.gov/Genbank/) and Ensembl (http://www. ensembl.org/) databases (for human, mouse, chicken, zebrafish Danio rerio and tetraodon Tetraodon nigrovidis) and DoE Joint Genome Institute (http://www.jgi.doe.gov/) (for clawed frog Xenopus tropicalis). For each species, the nucleosome formation potential was determined for 10 000 randomly chosen sequences of 10 kb length extracted from genomic contigs. Also, it was determined separately for coding (exons) and non-coding (introns and intergenic spacers) sequences. For this purpose, the randomly chosen exons, introns and intergenic spacers (10 000 of each sequence type for each species) were extracted from genomic contigs using GenBank and Ensembl annotations. Because nucleosome formation potential is determined in a sliding frame of 160 bp length, only sequences longer than 320 bp were taken to ensure at least twofold prevalence over frame length (the results were similar when the shorter sequences were included, but the statistical scatter was higher). The nucleosome formation potential and GC content were averaged for each sequence over its length. The data on vertebrate erythrocyte nuclear volume were taken from Olmo (1983) ; the data on genome GC content were taken from Vinogradov (1998b) . The statistical analyses were done using STATGRAPHICS (Statistical Graphics Co.) and STATISTICA (StatSoft, Inc.) software.
RESULTS AND DISCUSSION
We found two separate regression lines of heart index on genome size for two classes of homeothermal vertebrates (mammals and birds; figure 1). The difference between regression lines is highly significant ( p!10
K4
). These separate regression lines of heart index on genome size correspond to the two separate regression lines of basal metabolic rate on genome size for mammals and birds: birds have a higher basal metabolic rate (body masscorrected) and a lower genome size than mammals, but their metabolic rate is not high enough for their points to lie on the continuation of regression line for mammals (fig. 5 in Vinogradov (1995) ), similar to what is seen in figure 1 . Surprisingly, the two classes of poikilothermal vertebrates (amphibians and reptiles) append separately to the two regression lines for homeotherms (mammals and birds, respectively; figure 1), which suggests that each of Regression of heart index (ratio of heart mass to body mass) on genome size (circles, birds; squares, reptiles; triangles, mammals; diamonds, amphibians). Both lines are approximated by second-order polynomial regression (note that even in this case the regression for reptiles-birds looks linear them has a relationship between intensity of metabolism and genome size that is similar to its homeothermal counterpart. (Although the slopes of regression for mammals and amphibians slightly differ, the amphibian slope is much closer to mammalian than to reptilianavian, and it deviates from the mammalian in the direction opposite to reptilian-avian.) It is noteworthy that the reptiles-birds and the amphibians-mammals regression lines seem to converge at the same uppermost limit of heart index, with bats being the closest mammals to birds (figure 1). The negative correlation between heart index and genome size holds in separate tetrapod groups (legend to figure 1) .
In turn, the two separate regression lines of heart index on genome size correspond to the two separate regression lines of GC content on genome size for amphibiansmammals and reptiles-birds: reptiles and birds have the relatively higher GC content (for their genome sizes) than amphibians and mammals, which suggests a distinct pattern of evolutionary dynamics of the genome (figs. 2B and 4A in Vinogradov (1998b) ).
It is now widely accepted that there was a fundamental split in the evolution of early tetrapods between Synapsida (mammals and their extinct relatives) and Reptilia (reptiles and birds) soon after the appearance of stem tetrapods (Dilkes & Reisz 1996; Kumar & Hedges 1998; Rubidge & Sidor 2001; Ruta et al. 2003) . Contrary to the popular name 'mammal-like reptiles', early synapsids are not reptiles in the phylogenetic sense (Dilkes & Reisz 1996) . It is plausible that the reptiles-birds clade evolved special relationships between the intensity of metabolism and genome size, and between GC content and genome size, whereas synapsids retained the amphibian-like relationships.
How can the GC content of genome be related to metabolic rate? The GC content is supposed to negatively correlate with chromatin condensation because certain physical properties of the DNA helix (such as bendability and curvature), which are important for chromatin condensation, depend on GC content (Vinogradov 2001 (Vinogradov , 2003a . In human and chicken cells, the GC-rich DNA sequences tend to be located in the diffuse, open chromatin of the interphase nuclei, whereas the GC-poor sequences tend to be located in the more condensed chromatin (Saccone et al. 2002) . It was recently shown that chromatin condensation negatively and very strongly (rZK0.97) correlates with GC content in human cells (Gilbert et al. 2004) . The nucleosome formation potential of DNA sequence in the human genome was recently found to correlate negatively with GC content (Vinogradov 2005b) . Here, we show that the latter is true for all model vertebrate genomes (figure 2). (Because only a few poikilothermal genomes are sequenced, we also studied fish genomes to confirm the generality of this correlation.)
It is known that a high local concentration of nucleosomes is necessary for the higher-order chromatin condensation and that the higher chromatin condensation correlates with a lower nuclear size (e.g. Belmont et al. 1984 ). For each species, the nucleosome formation potential and GC content were determined for 10 000 sequences of 10 kb length, randomly extracted from genomic contigs (and averaged for each sequence over its length). Genome size and metabolic intensity in tetrapods A. E. Vinogradov & O. V. Anatskaya 29 amphibians (mammals cannot be used because they have erythrocytes without nuclei). The nuclear volumes of reptiles-birds are relatively larger for their genome sizes (figure 3), which is in agreement with the negative dependence of chromatin condensation on GC content. Also, we found a positive correlation between erythrocyte nuclear volume and genome GC content at fixed genome size (partial rZ0.32, p!10 K3 , nZ24). Thus, it seems that genome GC content can modulate nuclear size independently of genome size.
It is noteworthy that the slope of regression between nucleosome formation potential and GC content is steeper in poikilothermal than in homeothermal genomes (figure 2). The latter fact is possibly relevant to the isochoric structure (relatively homogenous genomic regions differing in GC content), which is characteristic for homeothermal genomes and which might evolve in the ancestor amniote genome or be acquired independently in the evolution of mammals and birds (reviewed in Bernardi (2004)). The slope is practically equal in the human and chicken genomes, whereas it is steeper in the mouse genome (figure 2), which is in agreement with the fact that the isochoric structure is less pronounced in rodents compared to other mammals (e.g. Douady et al. 2000; Smith & Eyre-Walker 2002; Vinogradov 2003b ). In the human genome, the slope of regression between nucleosome formation potential and GC content is steeper in exons as compared to non-coding DNA (introns and intergenic spacers; Vinogradov 2005b). Here, we show that this is true for all sequenced vertebrate genomes (see figure 4 in the electronic supplementary material). (In amphibians, this distinction cannot be studied because there is as yet no annotation on intron-exon boundaries for the clawed frog.) Also, introns and intergenic spacers generally have the lower GC content than exons, and, correspondingly, the higher nucleosome formation potential (see figure 4 in the electronic supplementary material). These facts support the notion that non-coding DNA plays a special role in the orderly chromatin formation (e.g. Trifonov 1993; Zuckerkandl 1997; Levitsky et al. 2001b; Vinogradov 2005b) .
The redundant non-coding DNA is supposed to serve for adjustment of metabolic rate mediated by a change in general cellular parameters (such as nuclear size, chromatin condensation, nucleocytoplasmic ratio), which in multicellulars can be independent of body size (Szarski 1983; Cavalier-Smith 1985; Vinogradov 1995 Vinogradov , 1997 Vinogradov , 1998a Gregory 2002; Kozlowski et al. 2003; Olmo 2003; Vinogradov & Anatskaya 2004; Vinogradov 2005a) . The link between genome size and metabolic rate can be considered as an example of the symmorphosis, a general principle of evolutionary biology defined as a quantitative match of structural design and functional demand (Weibel et al. 1991; Diamond & Hammond 1992; Weibel 2000) . The non-coding DNA was also supposed to play a 'buffering' role, damping the effect of solvent fluctuations on the nuclear machinery (Vinogradov 1998a) . Recently, it was shown in comparison of two closely related amphibian species differing in genome size that chromatin condensation was steadier and its reaction to changes in solvent composition (caused by elevated extracellular salinity) was more inertial in species with the larger genome, which is in agreement with the buffering model (Vinogradov 2005a ). The ability of DNA to act as 'buffer' to control the concentration of DNA-binding proteins and smaller solutes was even used for the development of experimental methods for investigation of histone-DNA interaction and DNA thermostability (Thastrom et al. 2004; Volker & Breslauer 2005) . It was also found that both the ratio of non-coding to coding DNA lengths and the nucleosome formation potential are higher in (and around) the tissue-specific genes compared to housekeeping genes, which indicates that non-coding DNA can be involved in chromatin-mediated gene suppression in those tissues where a given gene should not be expressed (Vinogradov 2004b (Vinogradov , 2005b Ganapathi et al. 2005) .
Although it was recently shown that in plants larger genomes can increase the risk of extinction, in vertebrates the picture is more complicated (Vinogradov 2003c (Vinogradov , 2004c . Interestingly, the relationship between genome size and extinction risk also distinguishes the reptiles-birds versus amphibians-mammals: it is unambiguously shown only in the former ( Vinogradov 2004c) . The reptiles-birds have the smallest genomes among tetrapods, which suggests that their selection against the accumulation of redundant DNA is generally stronger. The steeper regression slope of heart index on genome size in reptiles-birds compared to amphibians-mammals (figure 1) also indicates that changes of genome size are more critical in them. Therefore, it is possible that genome enlargement can be beneficial in reptiles-birds only in a relatively short evolutionary time-frame, but later it might become maladaptive at the species and lineage levels. It is noteworthy that each main tetrapod group seems to occupy a separate space on the plot of genome size versus heart index (figure 1). This partitioning of 'physiological space' may reflect some fundamental features of ecospace partitioning in tetrapod evolution.
CONCLUSION
Our results show that the negative link between genome size and metabolic intensity (body mass-corrected) exists in all tetrapods. They help explain the biological significance of two separate regression lines between metabolic rate and genome size for birds and mammals (Vinogradov 1995) , and between GC content and genome size for reptiles-birds and amphibians-mammals (Vinogradov 1998b) , and suggest integrating all these data into one concept. The chromatin condensation and nuclear size are supposed to be key parameters that accommodate the effects of both genome size and GC content and connect them with metabolic intensity. Furthermore, these data suggest that mammals (unlike reptiles and birds), although evolving a more complex general organization, retained certain genome-related properties that seem to be similar to those of amphibians. At the same time, the slope of regression between GC content and nucleosome formation potential is steeper in poikilothermal than in homeothermal genomes, which indicates that mammals and birds acquired certain common features of genomic organization.
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